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ABSTRACT OF THE DISCLOSURE 
Star-shaped homopolymers and copolymers of conju 

gated diene monomer and star-shaped copolymers of con 
jugated diene monomer with vinylaromatic monomer, 
having three or four branches and having satisfactory 
working and low cold flow properties, as well as vulcani 
Zates thereof, having low hysteretic loss, can be pre 
pared by the solution polymerization of the monomers 
with a monoalkaline anionic initiator or catalyst and 
treatment of the activated polymers and copolymers with 
a solution of an ester ramifying or branching agent hav 
ing therein either a group 

-0--0- 
O 

Such as ethylene glycol carbonate, or a group 

where R is a divalent saturated or unsaturated aliphatic 
or aromatic hydrocarbon radical, such as dimethyl ter 
ephthalate. 

The present invention relates to improvements in the 
polymerization of conjugated dienes as well as to their 
copolymerization, especially with vinylaromatic com 
pounds. More specifically, it is related to improvements 
in the polymerization or copolymerization of these mono 
mers in solution in a hydrocarbon solvent, under the 
action of an anionic initiator or catalyst, for example, n 
butyl lithium. 
As is known, polybutadienes obtained in solution by 

means of n-butyl lithium initiator have a completely 
linear molecular structure as well as a distribution of the 
molecular weight which is very close to an average value 
depending on the quantity of initiator used. This molecu 
lar morphology is at the origin of interesting character 
istics, especially the low hysteretic loss of vulcanizates, 
but also of disadvantages. 
One of the disadvantages is the tendency of the linear 

polybutadienes to flow when cold. The untreated poly 
mers behave like elastomers in viscous liquid condition 
rather than like solid elastomers. After a few hours they 
lose their shape, they spread or run. This is quite incon 
venient for storage, packing and shipping of the polymers 
and also for preservation in form of mixtures and semi 
finished products (sections, sheets, etc.) which are manu 
factured from these polymers. 
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A second disadvantage is that linear polybutadienes are 

very difficult to handle. When working them, they have 
a tendency to crumble, they absorb reinforcing charges 
only with difficulty, and they do not furnish a smooth 
plastic mass with good homogeneity. As a result, they 
have been used in practice only in small quantities in 
mixtures with other elastomers that are easier to work. 

2 
Various measures have been proposed to alleviate 

these disadvantages and to take advantage of the interest 
ing properties of these polymers. - 

Thus, it has been proposed that the molecular mor 
phology of these polybutadienes be modified by trans 
formation of the linear macromolecules into either cross 
linked or ramified macromolecules, by means, for ex 
ample, of a polyvinyl aromatic compound, such as the 
divinyl benzene, which is introduced into the reaction 
medium during polymerization. Indeed, this measure 
makes it possible to eliminate cold-flowing but it does so 
to the detriment of the hysteresis properties of the 
Vulcanizates. Moreover, this measure cannot be perfected 
as it does not allow for regulation as desired of the 
molecular structure of the polymer and the obtention 
of a given desired structure that may constitute a better 
compromise. 

It has also been suggested that the molecular mor 
phology of these linear polybutadienes be modified before 
the completion of polymerization by means of branching 
or ramifying agents. Towards such effect, there is intro 
duced, while the polymer is still in the activated state in 
the reaction medium, a multifunctional carrier compound 
capable of reacting on the carbon-lithium bonds at the 
end of the macromolecular chain before the completion 
of polymerization. One thus obtained star-shaped poly 
mers, i.e., polymers the macromolecules of which are 
formed of several branches joined to a center core or 
nucleus. However, while the known polymers of this 
kind are improved from the point of view of cold-flow 
ing, they do not have any markedly different Working 
properties from those of the linear polybutadienes and 
the vulcanizates have substantially worse hysteresis 
properties. Moreover, the customarily preferred ramify 
ing agents, especially the polyhalides (tin tetrachloride, 
silicon tetrachloride, etc.) are unstable as they are highly 
hydrolyzable. Consequently, it is difficult to control their 
action, and lacking a safe tool acting under conditions 
that can be easily reproduced, it becomes difficult to 
provide polybutadienes with a set of satisfactory qualities. 

Another well known means of improving the prop 
erties of polybutadienes or polyisoprenes consists in co 
polymerizing the diene with another monomer, for ex 
ample, a vinylaromatic compound, most frequently styr 
ene. Thereby, cold-flowing disappears and the working 
properties are slightly improved. However, introduction 
of a comonomer, such as styrene, has a harmful influ 
ence on hysteresis loss of the vulcanizates. Indeed, if one 
makes an effort to distribute evenly the styrene along the 
macromolecular chains, one has to use in the polym 
erization medium polar compounds which, of course, 
have the advantage of approximating the reactivities of 
the two monomers but which at the same time favor the 
formation of a microstructure of the polymer compris 
ing a high content in vinyl structures. However, if one 
does not use any polar compounds or very little thereof, 
the styrene is distributed heterogeneously, whereby its 
density along the chain increases as such chain is formed, 
and the chain ends in a polystyrene sequence or block. It 
is known that a high content of vinyl structures and/or 
heterogeneity of the macromolecule are responsible for 
high hysteresis losses of the vulcanizates. 

Moreover, the copolymers obtained in solution with n 
butyl lithium as an initiator have working properties 
which are not substantially superior to those of the homo 
polymer. 
The present invention provides for alleviation of these 

disadvantages and does so by a dual means. Firstly, it 
employs as ramifying or branching agents compounds 
which are well defined, stable and can be easily pro 
duced, preserved and used, which furnish results that can 
be fully reproduced and which lead to the obtention of 



'--- 3 
perfectly defined and stable molecular structures. Sec 
ondly, it provides for special star-shaped polymer and co 
polymer structures making it. possible in the case of poly 
butadienes to obtain the optimum set of properties, such 
as concerns cold-flowing and the ease of working of the 
crude elastomer and the hysteresis characteristics of the 
vulcanizate and, in the case of polybutadiene-styrene or 
polyisoprene-styrene, to substantially improve the work 
ing of the crude elastomer and the hysteresis properties of 
the vulcanizate. 
The method in accordance with the invention for the 

treatment of homopolymers and copolymers of conjugated 
dienes and copolymers of conjugated dienes with vinyl 
aromatic compounds, obtained in solution by means of 
an anionic initiator, especially n-butyl lithium, and still 
in activated state, for the purpose of obtention of star 
shaped polymers or copolymers by means of a ramify 
ing agent, is characterized in that one uses as the ramify 
ing agent at least one ester compound having in its 
molecule the 

group or the 

group (whereby R is a divalent saturated or unsaturated 
aliphatic or aromatic hydrocarbon radical). In a variant, 
the carbon atoms, or at least one of the carbon atoms in 
the preceding formulas may be replaced by a silicon atom. 
Likewise, one or more oxygen atoms may be replaced by 
a sulfur atom or by a nitrogen atom substituted on its 
valency which is additional in relation to the oxygen. 
The ramifying agents in accordance with the invention 

is used in such an amount that the ratio of the number 
of oxygen atoms (or equivalent sulfur or nitrogen atoms) 
to the number of alkali metal atoms of the monoalkaline 
anionic initiator is at most 1.5:1 and preferably 1:1 and 
ranges form about 0.2:1 to about 1.5:1. 

For a copolymer, this ratio should be 1:1 or close to 
1:1 and ranges from about 0.8:1 to about 1.2:1. 
For a homopolymer, this ratio should have a value 

ranging from about 0.2:1 to about 1.2:1 while the op 
timum as regards working properties would be close to 
1:1 and, as regards hysteresis properties of the vulcani 
zates, close to 0.6:1. Thus, a preferred range is from 
about 0.6:1 to about 1:1. 
The polymers and copolymers obtained by the method 

in accordance with the invention have a star-shaped struc 
ture with 3 or 4 branches of similar length fixed on a 
center nucleus by means of stable bonds of the carbon 
carbon kind, and they are characterized in that they 
possess, in comparison to polymers and copolymers which 
are linear and of the same Mooney plasticity, substan 
tially improved characteristics. The star-shaped homo 
polymers have characteristics of cold-flowing and work 
ing in crude condition which are much superior to the 
characteristics of the linear polymers even through there 
is no noteworthy loss of the hysteresis properties of the 
vulcanized products. The star-shaped copolymers dis 
play a susbtantial improvement of working properties in 
crude state and of the hysteresis properties in vulcanized 
state. 
One of the principles of the invention is based on the 

discovery that if one adds an ester solution to a solution 
of an activated polymer, i.e., a polymer having at one 
of the ends of each chain, bound to a carbon atom, an 
atom of lithium-or of another alkali metal-the ester 
function reacts on the carbon-lithium bond, on the one 
hand by substitution of the alkoxy group and, on the 
other hand, by addition on the ketonic double bond. The 
reaction which occurs between an ester of the formula 

v R--o R 
O 

3,773,782 
and an activated polymer 

: 4 l, 

-Li in which the lithium 
atom Li is fixed on the last carbon of the chain P, can be 
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described as follows: 
P 

2 P-Li -- R--or -> R--P -- R-O-Li 
oLi ... - ... -- 

Thus, the ester produces a coupling reaction between 
two chains P, whereby the reaction is practically instan 
taneous and practically quantitative at 0°C. temperature. 

In accordance with the invention, this fact is taken ad 
vantage of in order to obtain, in a stable and reproducible 
manner, polymers and copolymers which are star-shaped 
and have 3 or 4 branches, by means of ester compounds 
containing the group 

-O-C-O- 

O 

for star-shaped polymers or copolymers with three 
branches, or the group 

for star-shaped polymers or copolymers with four 
branches. Each oxygen atom of these groups corresponds 
to one reactive position facilitating the fixing onto the car 
bon atom or onto the center core -C-R-C of one 
chain with a carbanion end. 
The respective coupling reactions for preparing three 

branch star-shaped polymers or copolymers and four 
branch star-shaped polymers and copolymers may be rep 
resented as follows: 

P 

3P-Li + R-O-g-or' - P--P + 2R-O-L. 
& h Li 

and 

4P-Li + R'-O-C-R-C-OR" - 
O O 

P P 

P-l-R-C-P 
& Li (Li 

The ramified polymers are recovered after deoxidization 
or removal of the -O-Li group, for example, by treat 
ment with 4,4'-methylene-bis-2,6(ditertiary-butyl phenol). 
Among the ester compounds containing the 

-0--0- 
... O 

group, the simplest, and therefore the preferred one, is 
ethylene glycol carbonate having the formula 

CH-CH 

+ 2R-O-Li 

Y/ 

In addition to this compound, one may use all cyclic 
hydrocarbon ester compounds which are analogous and 
wherein a hydrogen atom is replaced by an alkyl or aryl 
group, for example, the carbonates of propylene. glycol, 
of isobutylene glycol, of ethyl ethylene glycol, etc. There 
can also be used the various hydrocarbon diesters of m 
carbonic acid, for example, the dimethyl, diethyl, dipro 
pyl, disobutyl, ethyl methyl, diisoamyl, and diphenyl 
carbonates. - . . . . . . 

Among the useful ester compounds containing the. 
-O--R-i-o- 

group, there may be mentioned, generally speaking, the 
diesters derived from the reaction of a dibasic carboxylic 
acid with a monohydric alcohol, such as, for example, the 
diesters resulting from the esterification of oxalic, malonic, 



3,773,782 
succinic, glutaric, adipic, pimelic, Suberic, terephthalic, 
ethylmalonic, maleic and malic acids by methyl, ethyl or 
propyl alcohols or by the phenols. 

In this connection, it should be noted that the diesters 
derived from the reaction of a diol or a polyol with a 
monobasic carboxylic acid are not suitable for the obten 
tion of star-shaped polymers. Indeed, there is produced a 
splitting of these diesters having the formula 

R.C.. O 

when they react with the carbon-lithium bond of the 
activated polymer P-Li, in accordance with the follow 
ing scheme: 
4P-Li + R- O-R- 

P 

--P + Lio-R'-oll 
- - (Li 

One obtains a simple coupling reaction, such as is the 
case for a monoester, shown hereinbefore. 

Consequently, it is not possible to obtain, as one could have expected, star-shaped polymers, for example, by 
means of tristearates or trioleates of glycerin. 

Using the means in accordance with the invention, it would be possible to obtain star-shaped polymers or co 
polymers with more than four branches, by using, for 
example, a triester resulting from the reaction of a tri 
basic acid with a monohydric alcohol, or, more generally, 
a compound comprising more than two 

groups connected to a center nucleus. 
: However, and this is another principle of the invention, 
it has been found that it is advisable to limit oneself to 
star-shaped polymers with three or four branches. More 
specifically, the optimum number of branches is 3 for 
copolymers and 3 or 4 for homopolymers, depending on 
whether one wishes to stress the hysteresis properties of 
the vulcanized product or the working properties of the 
elastomer in crude condition. En any case, the hysteresis 
characteristics of the vulcanizates undergo an unaccept 
able deterioration if more than four branches of substan 
tially identical length are joined around one center 
nucleus. - 

As concerns the quantity of ramifying or branching 
agent to be used,: it will be found that the important 
factor is the ratio of the number of oxygen atoms present 
in the ketone functions and alkoxy functions (or the 
number of equivalent atoms) to the number of atoms of 
alkali metal. If this ratio is 1:1, the quantity of ramifying 
agent corresponds theoretically to the complete transfor 
mation of the linear activated polymer or copolymer 
into deactivated star-shaped polymer. This is substan 
tially what experience has shown. If the quantity of rami 
fying agent-used is such that this ratio is less than 1:1, 
one obtains a mixture of star-shaped polymer and linear 
polymer in proportions...that will depend on the magnitude 
of the oxygen/lithium relationship. Experience has shown 
that it is for a value close to 0.6:1 for this relationship 
that one obtains, the best hysteresis properties of vul 
canized products in the case...of homopolymers. On the 
other hand, it is for a value, around 1:1 of this relation 
ship that one obtains 

the best propert y : 
dition and heating in vulcaniz dition, as a result, it 
appears, of the grouping in thei-center of the star of the 
heterogeneiti sent in the yarious linear chains. In 

' '... - 3. ...W. and ' ' ... of an oxygen/lithium 

a case, the resulting 

rties both for working in crude con 
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6 
polymer structure depends upon the operating conditions. 
According to whether the ramifying agent is introduced 
all at once or in several portions, the proportions of mole 
cules with 3 or 4 branches of coupled linear molecules or 
of non-modified linear molecules will vary considerably. 
It goes without saying that if an excess of ramifying 
agent is used and if such agent is added when all or al 
most all of the modifyable polymer has been modified, 
this amounts to use of a stoichiometric proportion. 
The monomers that can be employed for preparation 

of star-shaped polymers or copolymers in accordance with 
the invention comprise by preference, as concerns con 
jugated dienes, those that contain from 4 to 12 carbon 
atoms, for example, 1,3 butadiene, isoprene, piperylene, 
2-phenyl - 1,3 - butadiene, 2,3 - dimethyl-1,3-butadiene 
and similar compounds, and as concerns vinyl-aromatic 
compounds, styrene, chloro and methoxy styrene, the 
vinyl naphthalenes and their derivatives substituted with 
an alkyl or aryl radical, or the like. 
The preferred monomers are butadiene, isoprene and 

styrene. Polymers and copolymers specifically aimed at 
are polybutadiene, polybutadiene styrene, polyisoprene 
styrene, the latter with a predominant share of butadiene 
or isoprene. One may also apply the invention to ter 
polymers, for example, butadiene-isoprene-styrene. 
The anionic initiators that may be used in the method 

in accordance with the invention are organic derivatives 
which are monoalkaline, such as RM, R being an ali 
phatic, cycloaliphatic or aromatic hydrocarbon radical 
and M being lithium, sodium or potassium. The organic 
lithium compounds, RLi, which are soluble in the or 
ganic solvents used are preferred. Among the lithium 
compounds that may be used, there may be mentioned 
especially n-butyl lithium, secondary-butyl lithium, phenyl 
lithium, etc. 
The quantity of initiator to be used varies in accordance 

with the molecular weight desired for the final product. 
In practice, the initiator concentration ranges from 0.020 
to 0.50 weight parts per 100 weight parts of monomer. 
In order to obtain rubbery polymers with a (1-4) 
Mooney plasticity at 100° C. close to 50, after treat 
ment with the ramifying agents, the preferred quantity 
of initiator used ranges from 0.03 to 0.15 weight parts 
per 100 weight parts of monomer. 

Polymerization may take place at a temperature rang 
ing from -70° C. to 150° C., whereby such temperature 
may vary considerably, depending upon the nature of the 
solvent used. 
As a solvent or diluent one may use various aliphatic, 

cycloaliphatic or aromatic hydrocarbons. Examples of 
diluents that can be used are heptane, cyclohexane, ben 
Zene, toluene, pentene, hexane and isooctane. The tem 
peratures preferred for these solvents range from 0° C. 
to 70° C. In the case of copolymerization, one may also 
use mixtures of the aforeindicated solvents with polar 
compounds, such as the oxide ether (tetrahydrofuran, 
diethyl ether, diphenyl oxide, etc.) in a concentration of 
0 to 50 weight parts per 100 parts of solvent. One may 
also use. polar adjuvants, such as tertiary amines, or 
hexamethyl phosphorotriamide. . .. 
The monomer concentration in the polymeriztion me 

dium may vary from 0.05 to 0.3 parts by weight thereof. 
The duration of the polymerization is a function of the 

nature of the solvent, the concentration of monomer and 
initiator, and the temperature of polymerization. Usually 
it ranges from 1 to 5 hours. 
At the end of polymerization, or possibly during polym 

erization, the ramifying agent is added to the reaction 
medium, without any modification. in the operating con 
ditions, especially the temperature. For temperatures 
higher than 0°C, the reaction is immediate. . . . 

ramifying agent is added dissolved in an aro 
matic diluent (benzene, toluene) or in an aliphatic or 
cycloaliphatic diluent. Any impurities containing mobile 
hydrogens or groups capable of reacting on the organo 
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metal bonds of the carbon-lithium type must be care 
fully eliminated so as not to deactivate the polymer. 
Preferably, the ramifying agent is left in contact with 
the polymer during 15 to 30 minutes so as to homogenize 
the medium. 
Of course, several variants of the method in accordance 

with the invention may be applied to the basic procedure. 
Thus, for example, the ramifying agent may be intro 

duced, especially in case of homopolymers, in one or 
more portions during polymerization instead of at the 
end of polymerization. In this manner, one obtains a poly 
mer which comprises linear macromolecules and star 
shaped macromolecules, the latter formed of branches 
which are shorter than the linear chains. Evidently, it is 
advisable that the polymer not be totally deactivated if 
continuation of the growth of some of the molecules is 
desired. 
The same result as described above can be obtained 

if together with the ramifying agent, one uses a mono 
ester, a lactone or a diester obtained by means of reaction 
of a monobasic acid and a diol. However, in the latter 
case, the linear portion of the modified polymer is com 
posed of molecules the center part of which has been 
formed last, which may be of interest in the case of co 
polymers. 

It is also possible to employ a mixture of ramifying 
agents, one producing star-shaped polymers with three 
branches and the other one producing star-shaped poly 
mers with four branches, possibly in association with a 
coupling agent. 

In accordance with another variant, the star-shaped 
fraction of the polymer may be given an asymmetrical 
shape, i.e., it may consist of macromolecules which are 
star-shaped and the branches of which are of different 
lengths. This may be obtained by having the ramifying 
agent react with a polymer or a copolymer comprising 
two or more types of macromolecules, differing from one 
another in the average length of their chains. Another 
asymmetry may be introduced by using mixtures of co 
polymers of different monomers with which one causes 
one or more ramifying agents to react. Thereby one may 
obtain star-shaped copolymers comprising branches 
formed of polybutadiene-styrene or branches formed of 
polyisoprene-styrene, or also branches formed of a co 
polymer and branches formed of a homopolymer. 
These different variants are easily prepared and are 

rendered possible by the remarkable properties of the 
ramifying agent in accordance with the invention, namely, 
the different compounds indicated may actually be ob 
tained with a high degree of purity; they are stable under 
customary conditions and easily soluble in organic sol 
vents; their reactivity with activated polymers ending in 
a carbon-alkali metal bond is high. Consequently, it is 
easy to provide and obtain such polymer structures as 
may be desired, and consequently, to determine the star 
shaped polymer structures that may yield the most inter 
esting properties. Here one has available a tool for shap 
ing of polymers which is both precise and safe. 
The present invention will be illustrated by the follow 

ing examples describing the preparation of various star 
shaped polymers as well as the properties of star-shaped 
polymers chosen among the most interesting or important. 

EXAMPLE 1. 

Into Steinie bottles of 250 cc. one introduces succes 
sively - - 

180 cc. purified heptane 
20 cc. (13 g.) butadiene 
n-butyl lithium (BuLi) in a variable quantity. 
The bottles are placed in a bath at 60 C. and agitated 

for two hours. At that time, all of the monomer has been 
polymerized and one introduces into various bottles a 
given quantity of an agent chosen among dimethyl ter 
ephthalate (TPM), ethylene glycol carbonate (CEG), 
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8 
methylbenzoate (BM), in the form of a 50 g./liter solu 
tion in benzene. After one half hour of agitation at 60°C., 
one recovers the polymer obtained in the different flasks 
after deoxidation with 1% of 4,4'-methylene-bis-2,6(di 
tertbutyl phenol). In all cases, polymerization is practical 
ly quantitative. One measures the inherent viscosity of 
the polymer obtained ( in toluene with a concentration of 
1 g/liter). The results obtained are as follows: 

(1) With TPM (dimethyl terephthalate) 
The following table shows the viscosity of the polymer 

at the end of polymerization, before and after addition of 
TPM, for various concentrations of initiator, wherey the 
molar ratio TPM/butyl lithium is in all cases 0.25. 

mcMibutyl lithium 
0.78 0,120 0,09 0.07 0,058. O,049. 0.042 0,022 

or ree - a -ss- 0,59 0.75 0, 95 16 1.32 1.63 ,72 2.5 
-- - - assass 1. 14 142 i.81 2.06 2.36 2.71. 3.4 407 

incM is one molper 100 mols of monomer. 
As we see, the inherent viscosity is multiplied by a 

substantially constant factor close to 1.80 if TPM is add 
ed. Therefore, this product provides for a uniform modi 
fication of the molecular weight and structure of the 
polymer. - 

The following table indicates for a uniform concentra 
tion of 0.08 mcM of n-butyl lithium the variation in in 
herent viscosity as a function of the TPM/butyl lithium 
ratio, i.e., of the fourth part of the ratio of the number 
of oxygen atoms deriving from the TPM and of the num 
ber of lithium atoms deriving from butyl lithium. 

TPMIBuLis-4. Of Li 
0 0.05 0, 15 0.20 0.25 0.30 0,50 1. 2 

- - - a was sease -- a--- 1.02 . 19, 1.60 72 .82 1.75 .74 1.68 .59 

As we see, the inherent viscosity is maximal for a ratio 
of O/Li equalling 1:1 or close to 1:1. . . . . . 

Direct measures of average molecular masses by weight 
MW for a non-modified polymer and for the same poly 
mer when modified have furnished the following results: 

TPMI 
Test Bui MW 

1.0 O 400,000 
1.90 0.25, 1,300,000 
.94 0.25 1,600,000 
.91 0.25 1,500,000 

As may be seen, the TPM leads to almost a quadrupling 
of the molecular weight which may be explained by 
the formation of a star-shaped polymer with four 
branches. m 

(2) With CEG (ethylene glycol carbonate) 
The following table furnishes for a concentration of 

0.09 mcM butyl lithium the inherent viscosity for vari 
ous values of the molar ratio. CEG/BuLi equalling one 
third of the ratio O/Li, i.e., the number of oxygen atoms 
deriving from CEG to the number of lithium atoms de 
riving from the active BuLi. 

CEGEBuLi=% O/Li 
0 00 0.20 - 0.33 

1.7. , 47 156 

0.50 

1.42 

As may be seen, for equality of the ratio O/Li, for ex 
ample, for O/Li=0.60, CEG produces less of an increase 
of inherent viscosity than TPM. On the other hand, like 
for TPM, maximum inherent viscosity is obtained for a 
value of the ratio O/Li equalling 1:1 or close to 1:1. 

(3) With BM (methyl benzoate) 
The following table indicates, for a BuLi concentration 

of 0.049 mcM, as a function of the ratio BM/BuLi=% 
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O/Li, the inherent viscosity of the modified polymer as 
follows: 

. 

. . . . . . . BMIBuLis)6 OILi 
0 0 10 0.20 - 0.30 0.40 0.45 0.50 

"...i.49. 1.58 1.69. 1.89 2,02 2, 10 2.22 
0.75 

2,10 

Here, too, the maximum inherent viscosity is produced 
for a ratio O/Li of 1:1 or close to 1:1. 

If one compares the inherent maximum viscosity imax. 
(for O/Li=1) with the initial viscosity no (for O/Li=0) 
in the three cases, one obtains the following results: 

BM 

. 1.49 1.59 
CEG TPM 

1.78 2.7in axillo 

The value of 1.49 must be compared with the value ob 
tained with striacetoxy. 1,2,4-benzene which is 1.48. This 
confirms that the action of a polyester obtained from a 
polyol and a monobasic carboxylic acid is identical to 
that of a monoester. r" -- " " - " -r-, - . . . . . 
The different action of TPM, CEG and BM on the 

macrostructure of the polybutadienes may also be charac 
terized by a different correspondence between the inher 
ent viscosity and the (1-1-4) Mooney plasticity at 100' 
C. The following table shows this correspondence for a 
ratio of O/Li=1. -- 

; 

... Inherent viscosity 

40 1.60 1.80 2 2, 20 2.40 2.60 
corresponding (1-4) Mooney values 

‘. . . . . . . . . at 100° C. 

Linear polybutadiene.--------- K10. 13 19 27 38 51 66 
ESSESS: <10 - 4 19 26 42 53 73 CEG-modified polybutadiene-- 26.36, 44 52 62 71 83 

45 54 65 77 96 x00 TPM-modified polybutadiene... 36 

One will notice the identity between the non-modified 
linear polybutadiene and the polybutadiene modified with 
methyl benzoate. This table is moreover proof of a dif 
ference in macrostructure between the linear polybuta 
dienes (possibly modified with methyl benzoate) and the 
star-shaped polybutadienes with three or four branches 
modified, respectively, with CEG and with TPM. 

EXAMPLE 2. 
This example proposes to show several variants of the 

use of ramifying agents. 
(1) Introduction of the reagent in the course . 

; : . . . . . . . of the reaction. 

One introduces into some 250 cc. Steinie flasks 
180 cc. heptane 
20 cc. butadiene. . . . . 0.054mcMor 0.094 mcMBuLi. 
The flasks are agitated at 60° 

tank. After various periods c 
quantity of CEG corresponding to O/Li of 0.60. The 
following table shows the evolution of viscosity between 

in a polymerization 

Viscosity . . . . 
on intro 

of CEQ ?tion of CEG. duction of (minutes), (percen 

As we see, one obtains a great variety of polymers. 
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arious periods of time, one introduces a , , 

5 

10 
(2) Use of several different reagents 

One introduces into some 250 cc. Steinie flasks 
180 cc. heptane 
20 cc, butadiene 
butyl lithium in various quantities. 

Following polymerization, after two hours at 60° C., 
one introduces a mixture of TPM and CEG in various 
proportions but always maintaining the O/Li ratio at a 
value of 1. After 30 minutes agitation at 60° C., the 
polymer is deoxidized and recovered. The table below 
indicates the initial and final values of inherent viscosity, 
i.e., before and after reaction of the CEG and the TPM. 

mcM TPMICEG= 0.3 0.5 0.7 i 

70 0.0945-...-------- 
70 0.0697----------- 
70 0.0546----------- { 

Here again, a great variety of polymers is obtained. 
(3) Modification of bidispersed polymers . . . 

Into a 250 cc. Steinie flask one introduces: 
180 cc. heptane 
20 cc. butadiene 
butyl lithium 

After two hours one obtains at 60° C. five different 
polybutadienes, A, B, C, D, E, depending on the butyl 
lithium concentrations, which show the following inher 
ent viscosities: . . . . . 

Polymer-----------... A. B C ID E. 

moM----------------- 0.037 0.165, 0.112 0.082 0.064 
- - - - -a--------------- 2.20 0.57 0.75. 0.97 12 

One mixes A--B, A--C, A--D, A-E at a 50:50 pro 
portion by weight. Following homogenizing, one adds 
CEG in a quantity such that the ratio O/Li=1. The 
flasks are agitated during 30 minutes at 60° C. and the 
polymers are then deoxidized and recovered. This is how 
the inherent viscosity develops: 

no (initial n (final Polymer viscosity) viscosity) 
A plus B.------ 1,27 1,98 
A plus C------- 1.46 2.08 
A plus D------. 53 2.28 
A plus E------- 1.60. . 2, 47 

... One introduces into 25 
180 cc. heptan 
14 cc. butadiene 
3:4 cc styrene. . . . 
some n-butyl lithium invari 
0.5 cc. of a solution of tetrahydrofuran 

ratio of 130 g. per liter. 
The flasks are placed in a bath of 50° C. and agitated 

for 4 hours and 20 minutes. Thereafter, one introduces 
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11. 

either methylbenzoate (BM) or ethylene glycol carbonate 
(CEG) in form of solutions of 10 g/liter of toluene, in 
such a quantity that the ratio O/Li=1. After 30 minutes 
of agitation at 60° C., the polymer is deoxidized then re 
covered by stripping. The conversion is maximal. The re 
sults obtained are as follows: 

(1) With BM 

pcMi of BuLi 
0.078 0.066 0.052 

-e-assessess -- as 0,91. 108 1.23 
as a s - so so reass-- 1.42 E.63 .91 

The increase in inherent viscosity is about 50% to 55%. 
(2) With CEG 

pcM of BuLi 
0.30 0,095 0.074 0, 066 0.052 0.042 

-- as as a son- 0.58 0.72 0.94 1, 12 22 1.35 
see-sa- -es 0.92 124 50 85 2 2,20 

The increase in inherent viscosity is larger and is about 
60% to 65%. 

All polymers obtained are free of gel. 
One may also prepare random star-shaped copolymers 

by using hexamethyl phosphorotriamide. One uses: 

180 cc. heptane 
14 cc. butadiene 
3.4 cc. styrene 
n-butyl lithium in variable quantity 
hexamethyl phosphorotriamide (HMPT) in the same 
molar quantity as the n-butyl lithium. 

The bottles are agitated at 15 C. for 2 hours 30 min 
utes. Thereafter, one introduces CEG in quantities such 
that O/Li=1. After 30 minutes of agitation at 15° C., 
the solution is deoxidized and the polymer is recovered. 
The increase in inherent viscosity is from 50% to 55%, as 
shown by the following table: 

pcM of Bulli 
0.062 0.050 0,040 

0-seas sea-aa- 1.05 15 1.42 
s - ess-as-s-s 53 1.82 2.18 

EXAMPLE 4. 

The purpose of this example is to compare the properties 
of the various polybutadienes in accordance with the in 
vention and of their vulcanizates with various known poly 
butadienes. m 

The various polybutadienes considered have all sub 
stantially the same 1-4) Mooney plasticity at 100° C., 
i.e., approximately 50. 

Polybutadiene A is a commercial polybutadiene with 
more than 85% of cis-1,4 microstructure obtained in solu 
tion by means of a catalyst of the trialkyl aluminum type, 
titanium tetrachloride and iodine carrier. 

Polybutadiene B is a commercial polybutadiene ob 
tained in solution with n-butyl lithium as initiator and 
cross-linked with divinyl benzene. - -- 

Polybutadiene C is a commercial polybutadiene ob 
tained in solution with n-butyl lithium as initiator and 
ramified by means of tintetrachloride. 

Polybutadiene T is a control polybutadiene obtained 
in solution with n-butyl lithium as initiator. This poly 
butadiene is linear. rv 
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12 
Polybutadienes PB 4 x 100 and PB 4 x 60 are star 

shaped polybutadienes in accordance with the invention, 
with four chains or branches. 

Polybutadienes PB 3 x 100, PB 3 x 75 and PB 3 x 60 
are star-shaped polybutadienes in accordance with the in 
vention, with three chains or branches. . 

In order to prepare the polybutadienes in accordance 
with the invention and the linear control polybutadiene, 
one uses the following proportions of substances: 

180 cc. heptane 
20 cc. butadiene 
n-butyl lithium as shown in the table below: 

Ramifying agent and 
proportion of Of Li Polybutadiene mcM of BuLi 

0.0250 
0.0945 
0.0445 
0.0575 
0,0510 
0.04.00 

TPM, 1 
TPM, 0.60 
CEG, 1 
CEG, 0.75 
CEG, 0.60 . . 

Polymerization is effected at 60° C. during two hours 
with agitation. Thereafter, one introduces into the solu 
tion dimethyl terephthalate (TPM) for the PB 4 x 100 
and PB 4 x 60, and ethylene glycol carbonate (CEG) at 
the ratio indicated above. One continues to agitate at 60 
C. for one half hour. Thereafter, the polymers are de 
oxidized with 1% 4,4'-methylene - bis - 2,6(diterbutyl 
phenol) and recovered by stripping. 

After measuring the inherent viscosity, the Mooney 
plasticity and the dimensional stability in crude condition, 
one prepares vulcanizates from the various elastomers by 
means of mixtures as follows: - 

Polymer ------------------------------------ 100 
Stearic acid---------------------------------- 2 
ZnO ---------------------------------------- 3 
Antiozonant --------------------------------- 1 1 
HAF black ------------------ ---------------- 50 
Oil ----------------------------------------- 5. 
Accelerator ---------------------------------- 
Sulfur -------------------------------------- 1.6 

N-isopropyl-N'-phenyl para-phenylene diamine. 

Curing 40 minutes at 144° C. -n. 
The following table shows the characteristics of the dif 

ferent elastomers. The polybutadienes in accordance with 
the invention show a very definite improvement in work 
ing conditions in comparison to the linear control T and 
the commercial Polybutadienes A, B, C, including the 
non-linear Polybutadienes B and C. The improvement is 
more substantial for the polybutadienes with 4 chains or 
branches than for the polybutadienes with three chains or 
branches, and it increases as the degree of branching in 
creases. Specifically, the PB 4 x 100 easily hugs the tool 
at 50 C. and furnishes a rotating pad; its aspect is smooth 
and shiny. As such, it has working characteristics which 
are comparable to those of the best synthetic rubbers. 
As may be seen in the table, the PB 4x60, PB 3 x 60 

and PB 3 x 75 have heating characteristics (hysteretic 
losses, flexometer) which are almost as good as those of 
the linear control T and much superior to those of the 
commercial Polybutadienes A, B, C. On the other hand, 
they have very much improved dimensional stability if 
compared to that of the linear control T and comparable 
to the dimensional stability of the Polybutadienes B and 
C, as all the polybutadienes in accordance with the inven 
tion. Moreover, their working characteristics are much 
improved and in this respect, they are exceeded only by 
the Polybutadienes PB 4 x 100 and PB 3 x 100 as per the 
invention. 
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- x TABLE I 

PB PB. BB, PB, ..., PB 
A B C T 4x100 4 x 60 3 x 100 3 x 75 3x60 

Properties in crude state: 
is Inherent viscosity. 1.63 2.26 98 2.09 2.31 
"Mooney plasticity--------- -- 46 45 45 48 52 51. 49 56 53 
Dimensional stability (g). 13 0.76 0.44 . 41 0.18 0.46 0, 25 0, 28 0.70 

Properties in vulcanized condition: 
Modulus at 100%, kg/cm.. 17.1. 19.8 17.5 23.3 16.9 21.0 8.8 20, 6 20.9 

": Modulus at 300%, kg/cm.. 55.8 66.9 64.6 73.2 59.8 72.7 64.4 68.8 -------- 
Hysteretic loss in percen 

' ' '. At 20° C. 28.7. 30.3 310 25, 31, 5 26.8 26.8 27.3 26, 9 
... At 60°C 25.3 28.6 27.7 22.0 27.8 23, 6 24, 2 24.3 23, 6 

At 100 C------------------------- 2.9 23.0. 24.9 18.6 24.9 20, 6 20.9 20.9 20.1 
- Scott breakage: 

; : Rupture elongation, percent- 285 380 280 380 320 370 305 355 
... Breaking strain, k 2 ; 78 103 78 0. 95 102 80 109 

ISO hardness- 67 69 67 73 65 70 68 7. 72 
. . . Goodrich flexometer . . . . . Initial compression, percent------- 16.4 14.5 14.5 11.6 5.5 2.6 4.3 13.7 12.2 

"Heating, C---------------------- 46 51 58 37 ---------- 40 49 45 40 

EXAMPLE 5 rene block. For RE, one thereafter introduces CEG in 
- . . . . . . . . . . . . . 20 ion as to render O/Li=1. 
The purpose of this example is to compare various buta- s"serialist S. are copolymers pr 

diene-styrene copolymers in accordance with the invention pared in the presence of tetrahydrofuran. However, po 
with various butadiene and styrene copolymers. p 9 

... - ... -- ... :- such end, one uses as reference various com 
mercial elastomers as well as linear elastomers prepared 
in accordance with known techniques. 
The various copolymers ofbutadiene and styrene which 

have been compared are defined as follows: 
Copolymers E and E are commercial butadiene-styrene 

copolymers of the type 1500, prepared in emulsion. They 

25 

30 
differ from one another only by the fact that they come 
from different lots. 

Copolymers S and S are likewise commercial buta 
diene-styrene copolymers prepared in solution and they 
differ only in that they come from different lots. 
Copolymers STL and STE are butadiene-styrene co 

polymers prepared in solution with butyl lithium and with 
HMPT, whereby one, the STL, is the linear reference and 
the other one, STE, is a star-shaped copolymer in accord 
ance with the invention, with three branches. These co 

35 

40 

polymers were prepared by means of the following pro 
portions: . 
188 cc. heptane 
14 cc. butadiene 
3.4 cc. styrene : 
n-butyl lithium at a ratio of 0.038 pcM for STL and 

0.052 pcM for STE 
HMPT at the same molar ratio as Bulli 
Temperature: 30° C. . . . 
Duration of polymerization: 1 hour 30 minutes. 
In the case of STE, one adds at the end of polymeriza 
tion some CEG at such a proportion that the ratio 
O/Li=1, and one continues to agitate during one half 
hour. : - . . ; 

: Copolymers RL and RE are butadiene-styrene, copoly 
mers prepared in solution with butyl lithium, in the pres 
ence of tetrahydrofuran, whereby polymerization is ar 
rested before complete polymerization of the styrene. Co 
polymer RL is a linear reference product. Copolymer RE 
is a star-shaped copolymer in accordance with the inven 
tion with three branches. Preparation comprises the fol 
lowing: 
180 cc. heptane 
13.8 cc. butadiene 
4.46 cc. styrene 
0.5 cc. solution of tetrahydrofuran in heptane at the ratio 

of 130 g/liter 
n-butyl lithium at the ratio of 0.029 pcM for BL and 

0.052 pcM for RE. 
Temperature: 50 C. 

Polymerization was arrested at 92% to 94% of conver 
sion in order to prevent the formation of a terminal sty 
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60 minutes at 144° C. 

lymerization is carried to full conversion. The following. 
polymerization formula is used: 
180 cc. heptane 
14 cc, butadiene . . . 
3.4 cc. styrene 
0. cc. solution of tetrahydrofuran in heptane of 130 g/ 

liter 
n-butyl lithium at the ratio of 

0.032 pcM for BL, 
0.066 pcM for BLL, and 
0.074 pcM for BE. 

Duration: 4 hours. 
Temperature: 50 C. 

In the case of BL, the copolymer obtained was not 
modified in any manner so that the copolymer is linear. 
As regards the copolymer BLL, it was treated at the end 
of polymerization with methyl benzoate which was used 
in a proportion such that O/Li-1. Thus, this copolymer 
is linear and formed of coupled chains. Finally, the co 
polymer BE was treated with ethylene glycol carbonate, 
again at a ratio corresponding to O/Li=1, and this co 
polymer thus is a star-shaped copolymer with three 
branches. 
The Tables II and III illustrate the comparison of the 

characteristics of the various copolymers described above. 
The properties in vulcanized condition were measured on 
Vulcanized products obtained with the same mixture for 
mula as in Example 4, with vulcanization continuing for 

TABLE II - 
""r-m-m-m-lu. 

... - . . . . . . . . . . . . . . .'; , S. STL STE RL. RE 
T-Uul 

Properties in crude state: 
inherent viscosity.------------------. 1.72 1.68 1.78 1.70 
(1'--4) Mooney at 100° C. 55 60 48 50 42 52 
Percent styrene.---------- 25 24 25 25 26 26 
Percent 1-2---. ---- 17 30 50 49 26 26 
Percent trans 1-4--------- 67 42 35 35 49 49 

Properties in vulcanized 
condition: 
Modulus at 100%, kg.) 

cm--------------------- 17. 19. 6 22.5 22, 24.8 22. 
Modulus at 300%, kg.I 
on:------------------ 84.8 89.2 98.3 107.0 106.1 107.7 Hysteretic lossin percent: 
At 20° C. ---. 42.1 38.4 41.5 40.5 38.9 34.2 
At 60° C. -- 33.1 33.8 33.4 3.1, 30.7 26.2 
At 100° C. ---. 25.5 26.7 24.8 23.5 22.9 20, 2 

Scott breakage: 
Rupture elongation, 
percent---------- 570 517 487 490 470 433 

Breaking strain, kg/ 
cm."---------------- 265 230 25 232 214 21 

ISO hardness--------- 64 68 7. 69 74 70 
Goodrich flexometer: 

Initial compression 
percents----------- 18.1. 16.9 16.5 16, 5 13.1 15.1 

Heating, C.--------- 47 47.5 41.5 39.5 36 37 
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TABLE III 

E. S BL BILL BE 

Properties in crude condition: 
inherent viscosity------------------------------ 1.65 .50 155 
(1-4) Mooney at 100° 55 60 67 49 50 
Percent styrene--------- --- 25 24, 26 26 26 
Percent 1-2----------------------- 17 30 26 26 26 
Percent trans 1-4----------------- 67 42 49 50 51 

Properties in vulcanized condition: 
Modulus at 100%, kg/cm.-------- 19.2 20, 9 22,8 21.3 22.5 
Modulus at 300%, kg/cm.-------- 97.5 101.5 98.7 07. 10.3 
Eysteretic loss in percent: 

At 20 C-------------- 40.2 38 37, 5 33.6 
33.3 31.2 28 26 
26, 24, 22, 19.5 

Scott breakage: 
Rupture elongation, percent. 533 527 463 473 443 
Breaking strain, kg/cm...... 267 245 202 214 223 
ISO hardneSS----------------- 65 70 74 70 68 

Goodrich flexometer: 
Initial compression, percent.-- 6.1 5.2 12.8 14.8 14.2 
Heating, C------------------ 47 47 41 38 40 

As shown by Tables II and III, the star-shaped copoly 
mers STE, RE and BE in accordance with the invention 
have better hysteresis properties than the corresponding 
linear references STL, RL and BL, and the commercial 
copolymers E, S or E' and S. The improvement is espe 
cially noteworthy for the polymers comprising a poly 
styrene block. In this connection, it may be stated that 
copolymers BL and BLL are not much different from each 
other even though in the copolymer BLL, the polystyrene 
block occupies a center position. Therefore, it appears 
that the essential principle of improvement is to be at 
tributed to the star-shaped structure. 

Furthermore, the star-shaped copolymers STE, RE 
and BE show working properties which are much im 
proved over those of linear copolymers STL, RL, BL 
or BLL. Specifically, copolymers RE and BE can be 
worked with substantially as much ease as the SBR pro 
duced in emulsion, which are well known, and they could 
be used in mixtures without being associated with other 
especially easy-to-handle elastomers. 

In this example, there were considered only star-shaped 
copolymers with three branches, obtained by means of a 
ramifying agent in a quantity procuring the maximum 
degree of branching. Other tests show that a smaller de 
gree of ramification or a number of branches higher than 
three leads to less favorable hysteresis properties. The 
structure resulting from the grouping of three branches 
seems superior, especially to the structure resulting from 
the grouping of two or four branches. 

It will be appreciated that various modifications and 
changes may be made in the process and product of the 
invention in addition to those disclosed above by those 
skilled in the art without departing from the essence of 
the invention and that accordingly the invention is to be 
limited only within the scope of the appended claims. 
What is claimed is: 
1. In the process for the preparation of star-shaped 

homopolymers and copolymers of conjugated diene mono 
mer star-shaped copolymers of conjugated diene monomer 
with vinylaromatic monomer by the solution polymeriza 

O 

20 

25 

30 

40 

45 

50 

55 

16 
tion of the monomer with a monolithium initiator and 
the coupling reaction of the activated homopolymer or 
copolymer with a ramifying agent, the improvement 
which comprises using as the ramifying agent a solution 
of at least one carbonate selected from the group consist 
ing of a cyclic hydrocarbon ester of meta-carbonic acid 
and a hydrocarbon diester of meta-carbonic acid, the 
ratio of O/Li of the number of oxygen atoms O in the 
ramifying agent to the number of lithium atoms Li in the 
monolithium initiator being from about 0.2:1 to about 
1.5:1, whereby such star-shaped polymers are produced 
having three branch chains. 

2. In the process for the preparation of star-shaped 
homopolymers and copolymers of conjugated diene mon 
ner and star-shaped copolymers of conjugated diene 
monomer with vinylaromatic monomer by the solution 
polymerization of the monomer with a monolithium ini 
tiator and the coupling reaction of the activated homo 
polymer or copolymer with a ramifying agent, the im 
provement which comprises using as the ramifying agent 
a Solution of at least one glycol carbonate, the ratio of 
O/Li of the number of oxygen atoms O in the ramifying 
agent to the number of lithium atoms Li in the mono 
lithium initiator being from about 0.2:1 to about 1.5:1, 
whereby Such star-shaped polymers are produced having 
three branch chains. . . . 

3. The process as defined by claim 2 wherein the rami 
fying agent is ethylene glycol carbonate. 

4. The process as defined by claim 2 wherein the rami 
fying agent is propylene glycol carbonate. 

5. The process as defined by claim 2 wherein the rami 
fying agent is isobutylene glycol carbonate. - . . 

6. The process as defined by claim 2 wherein the rami 
fying agent is ethyl ethylene glycol carbonate. 

7. The star-shaped homopolymers having three branch 
chains produced by the process defined by claim 1. 

8. The star-shaped copolymers having three branch 
chains produced by the process defined by claim 1. 

9. The process as defined by claim 1 wherein the rami 
fying agent is dimethyl carbonate. 

10. The process as defined by claim 1 wherein the 
ramifying agent is diethyl carbonate. 

11. The process as defined by claim 1 wherein the rami 
fying agent is diphenyl carbonate. 
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PO-1050 UNITED STATES PATENT OFFICE 
(5/69) CERTIFICATE OF CORRECTION 
Patent No. 3,773, 732 Dated November 20, 1973 

Inventor(s) Jean-Paul Dillenschneider 

It is certified that error appears in the above-identified patert 
and that said Letters Patent are hereby corrected as shown below: 

Column 3, lines 24-26, the formula "- -C-C-C- - 

should be -- -O-C-R-C-O- --; line 34, "agents" should be 

-- agent --; line 39, "form" should be -- from -. 
: Column 8, line l3, 

"wherey" should be -- whereby --; line l9, in the table, 
first column of figures, "l. 14" should be -- 1.10 --; 

. . . . Column 9, line 7, "n" should be -- no. --; 
line 68, in the table, under the last column of figures, 
"l. 72" should be -- 1.75 --. Column ll, after line 15, insert 
-- (1) : 1 pcM is one weight part per 100 weight parts . . . 
of monomer --. Column 13, Table I, under the caption "B", 
the figure "l4.5" should be -- 14. 6 --; line 70, "BL" should 
be -- RL --. Column 15, line 57, before "star-shaped" insert 
-- and --. 

Signed and sealed this 3rd day of December 1974. 
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McCOY M. GIBSON, JR. C. MARSHALL DANN . . . . 
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